
DOE/NASA/501 ll -3 
NASA TM-101470 

Gas Turbine Alternative Fuels 
Combustion Characteristics 

(8ASi!-'Ifi-lO1470) GAS I U R B I I I I  aLPBBBATXIE €489-2 14 17 
I GELS CC&BZISSICL CBA3dCTEfiSS¶>C5 € i o a l  
&lEfoXt ( N A S A )  2 i  CSCL 21D 

Unclas 
63/44 01929 16 

R. James Rollbuhler 
National Aeronautics and Space Administration 
Lewis Research Center 

February 1989 

c 

- 
t 

Prepared for 
U.S. DEPARTMENT OF ENERGY 
Conservation and Renewable Energy 
Office of Transportation Systems 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency 
of the United States Government. Neither the United States Government 
nor any agency thereof, nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 

Printed in the United States of America 
Available from 

National Technical Information Service 
US. Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 

Printed copy: A03 
Microfiche copy: A01 

NTlS price codes1 

'Codes are used for pricing all publications. The code is determined by 
the number of pages in the publication. Information pertaining to the 
pricing codes can be found in the current issues of the following 
publications, which are generally available In most libraries: Energy 
Research Abstracts (ERA); Government Reports Announcements and Index 
(GRA and I); Scientific and Technical Abstract Reports (STAR); and 
publication, NTIS-PR-360 available from NTlS at the above address. 



DOE/NASA/50111-3 
NASA TM-101470 

Gas Turbine Alternative Fuels 
Combustion Characteristics 

R. James Rollbuhler 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 441 35 

February 1989 

Work performed for 
U.S. DEPARTMENT OF ENERGY 
Conservation and Renewable Energy 
Off ice of Transportation Systems 
Washington, D.C. 20545 
Under Interagency Agreement DE-AI01 -85CE50111 

* 



GAS TURBINE ALTERNATIVE FUELS COMBUSTION CHARACTERISTICS 

R .  James R o l l b u h l e r  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lewis  Resedr-ch Centet- 
C l e v e l a n d ,  O h i o  44135 

SUMMARY 

An e x p e r i m e n t a l  i n v e s t i g a t i o n ,  cosponsored by  t h e  Depar tment  o f  Energy 
and NASA,  was conducted  t o  o b t a i n  combust ion  per fo rmance and exhaus t  p o l l u t a n t  
l e v e l s  f o r  s p e c i f i c  s y n t h e t i c  hyd roca rbon  f u e l s .  Per formance was compared t o  
b a s e l i n e  f u e l s .  A f l a m e  tube  combustor ,  s i m u l a t i n g  a gas t u r b i n e  combustor ,  
was used for  t e s t i n g .  Each f u e l  was t e s t e d  a t  s t e a d y - s t a t e  o p e r a t i n g  c o n d i -  

b u s t i o n  a i r  t e m p e r a t u r e s .  The combust ion  p r e s s u r e  was k e p t  r e l a t i v e l y  c o n s t a n t  
a t  two atmospheres f o r  a l l  t e s t s .  

d co 
m t i o n s  o v e r  a range o f  f u e l  t o  a i r  mass r a t i o s ,  mass f low r a t e s ,  and i n l e t  com- d 

I 
w 

T e s t  r e s u l t s  were o b t a i n e d  i n  t e r m s  o f  combust ion  and exhaus t  gas t h e r m a l  
c a p a c i t i e s  and t h e  e m i s s i o n  c o n c e n t r a t i o n s  o f  oxygen,  carbon d i o x i d e ,  u n b u r n t  
hyd roca rbons ,  ca rbon  monoxide,  and n i t r o g e n  o x i d e s .  The f u e l s  t e s t e d ,  w i t h  t h e  
e x c e p t i o n  o f  me thano l ,  p roduced gas the rma l  l o a d i n g s  and e m i s s i o n  c o n c e n t r a -  
t i o n s  s i m i l a r  t o  t h a t  o f  t h e  base f u e l s :  G a s o l i n e  and d i e s e l  #2 ( D F 2 ) .  The 
g r e a t e s t  v a r i a t i o n  i n  r e s u l t s  was from changes i n  t h e  o p e r a t i n g  pa ramete rs .  
The o n l y  d e t r i m e n t a l  f a c t o r  obse rved  was t h a t  a t  h i g h  o p e r a t i n g  tempera tu res  
h e a t  soak back i n t o  t h e  f u e l  n o z z l e  r e s u l t e d  i n  t h e  low hydrogen c o n t e n t  f u e l s  
decomposing and c a u s i n g  n o z z l e  passage b lockage .  

INTRODUCTION 

An i n h e r e n t  advantage o f  any p o w e r p l a n t  u s i n g  a c o n t i n u o u s  combust ion  
p r o c e s s ,  such as a gas t u r b i n e  e n g i n e ,  i s  i t s  c a p a b i l i t y  o f  s u c c e s s f u l l y  
b u r n i n g  a wide v a r i e t y  o f  f u e l s .  By n o t  need ing  f u e l s  w i t h  na r row range  
s p e c i f i c a t i o n s ,  such combustors  s h o u l d  be capab le  o f  b u r n i n g  a l m o s t  any k i n d  
o f  hyd roca rbon  f u e l .  

S i n c e  t h e r e  i s  o n l y  a f i n i t e  amount o f  c r u d e  o i l  s t o c k  i n  t h e  w o r l d ,  
e v e n t u a l l y ,  i r r e g a r d l e s s  o f  chang ing  s u p p l y  and demand and p o l i t i c a l  p e r t u r b a -  
t i o n s ,  t h e  s u p p l y  c o u l d  become so s c a r c e  as t o  c o n s t r a i n  o i l  usage and 
imp lement  a l t e r n a t i v e  energy  sou rce  f u e l s  ( r e f .  1 ) .  A l t e r n a t i v e  f u e l s  a r e  
g e n e r a l l y  c o n s i d e r e d  t o  be f u e l s  d e r i v e d  from c o a l ,  heavy c r u d e s ,  t a r  sands, 
s h a l e ,  or v e g e t a b l e  m a t t e r  ( r e f .  2 ) .  These f u e l s  come from sources  t h a t  a r e  
r e a d i l y  a v a i l a b l e  and w i l l  y i e l d  hyd roca rbon  t y p e  f u e l s  wh ich  wou ld  c l o s e l y  
resemb le  p r e s e n t  f u e l s  and p r e s e n t  o n l y  a modest t r a n s i t i o n  i n  combus t ion  t e c h -  
n o l o g y .  O t h e r  s u b s t i t u t e  f u e l s ,  such as l i q u i f i e d  methane or hydrogen,  demand 
l a r g e  i n v e s t m e n t s  i n  t i m e  and money f o r  p r o d u c t i o n ,  t r a n s p o r t a t i o n ,  and power- 
p l a n t  s t o r a g e  and s u p p l y  f a c i l i t i e s .  I f  t h e  a l t e r n a t i v e  f u e l s ,  such as t h o s e  
t e s t e d  i n  t h i s  program, p r o v e  d e s i r a b l e ,  t h e  wor ld -w ide  d i s t r i b u t i o n ,  s t o r a g e ,  
and h a n d l i n g  t e c h n i q u e s  wou ld  be e f f e c t e d  m o d e s t l y  from c u r r e n t  p r a c t i c e s .  



The work o f  o t h e r  i n v e s t i g a t o r s ,  e . g . ,  Grobman ( r e f .  3 > ,  Hammond ( r e f .  4 > ,  
Cohen ( r e f .  51, e v a l u a t e d  gas t u r b i n e  combustors  w i t h  a l t e r n a t e  f u e l s  a t  t h e  
two ex t reme o p e r a t i n g  c o n d i t i o n s  f o r  a v i a t i o n  gas t u r b i n e  eng ines ;  g round i d l e  
and t a k e - o f f .  A t  g round i d l e  t h e  eng ine  i s  u s u a l l y  t h r o t t l e d  back w i t h  m i n i -  
mum f u e l  f low t h r o u g h  t h e  combustor  and, because o f  poor  a t o m i z a t i o n ,  t h e  
combust ion  exhaus t  c o n t a i n s  h i g h  c o n c e n t r a t i o n s  o f  u n b u r n t  hydrocarbons  and 
ca rbon  monoxide.  A t  t a k e o f f  c o n d i t i o n s  t h e  eng ine  i s  a t  maximum power and 
t e m p e r a t u r e s ,  p r e s s u r e s ,  and f u e l  f low a r e  h i g h .  A t  t hese  c o n d i t i o n s  u n b u r n t  
hydrocarbons  and ca rbon  monoxide a r e  much lower b u t  n i t r o g e n  o x i d e s  become t h e  
m a j o r  p o l l u t a n t  i n  t h e  e x h a u s t .  

T h i s  p rogram i n v e s t i g a t e d  t h e  f u e l  combust ion  c h a r a c t e r i s t i c s  as a f u n c -  
t i o n  o f  t h e  combust ion  i n l e t  gas tempera tu re  and t h e  f u e l  t o  a i r  mass flow 
r a t i o .  The r e s u l t s  r e p o r t e d  a r e  fo r  a s i m p l i f i e d  t e s t  combustor .  T h e r e f o r e  
t h e  a b s o l u t e  d a t a  v a l u e s  shou ld  n o t  be expec ted  t o  be t h e  same f o r  a c t u a l  com- 
b u s t o r s .  Ra the r  t h e  impor tance  o f  t h e  r e s u l t s  i s  t h e  r e l a t i o n s h i p  v a l u e  o f  
t h e  r e s u l t s  compar ing  one t e s t e d  f u e l  t o  a n o t h e r  and t h e  t r e n d s  as a f f e c t e d  by  
t h e  chang ing  o p e r a t i n g  pa ramete rs .  Da ta  from o t h e r  programs has been super  
imposed on  some o f  t h e  f i g u r e s  t o  show t h a t  t h e  r e s u l t s  a r e  i n  a c c o r d  w i t h  p r e -  
v i o u s  i n v e s t i g a t i o n s .  

ALTERNATIVE FUELS TESTED AND T H E I R  PROPERTIES 

E i g h t  f u e l s  were t e s t e d  i n  t h i s  p rogram.  A l l  were s u p p l i e d  by  Southwest  
Research I n c .  under  a c o n t r a c t  from t h e  U .S .  Depar tment  o f  Energy .  The 
f u e l s ,  and t h e i r  i m p o r t a n t  p h y s i c a l  and chemica l  p r o p e r t i e s ,  a r e  l i s t e d  i n  
t a b l e  I. The g a s o l i n e  and d i e s e l  #2 (DF2) f u e l s  se rved  as b a s e l i n e  r e f e r e n c e s .  
The Exxon Donor S o l v e n t  (EDS)  f u e l  was made from c o a l  u s i n g  a l i q u e f a c t i o n  
p rocess  t h a t  u t i l i z e d  a r e c y c l e  s o l v e n t  f low t h r o u g h  a c a t a l y s t  r e a c t o r  and 
h y d r o g e n a t o r .  A d e t a i l e d  e x p l a n a t i o n  o f  t h e  p rocess  i s  c o n t a i n e d  i n  r e f e r -  
ence 6 .  The hyd rogena ted  Exxon Donor S o l v e n t  ( E D S )  had ex tended h y d r o g e n a t i o n  
w i t h  w e i g h t  p e r c e n t  H2 i n c r e a s e d  from 10.9 t o  11 .5 .  Severa l  b l e n d s  o f  p e t r o -  
leum base DF2 and EDS were a l s o  t e s t e d .  Methano l  was t e s t e d  i n  t h e  same t e s t  
hardware  as t h e  o t h e r  hyd roca rbon  f u e l s  even though i t s  peak per formance c o u l d  
n o t  be a t t a i n e d  because of hardware  r e s t r a i n t s .  

The most s i g n i f i c a n t  d i f f e r e n c e  between t h e s e  f u e l s  i s  t h e  i n c r e a s e  i n  
a r o m a t i c  c o n t e n t  o f  t h e  coal base f u e l s  and t h e  decrease i n  t h e  hydrogen con- 
c e n t r a t i o n  when compared t o  g a s o l i n e  or DF2. The h i g h e r  a r o m a t i c  c o n t e n t  
r e s u l t s  from u t i l i z a t i o n  o f  a h i g h e r  b o i l i n g  p o i n t  f u e l  t h a t  i s  p roduced a t  
minimum cost. The cost of a d d i t i o n a l  h y d r o g e n i z a t i o n  of t h e  s y n t h e t i c  f u e l s  
t o  b r i n g  t h e i r  hydrogen c o n t e n t  up t o  t h a t  of g a s o l i n e  i s  abou t  t h r e e  t i m e s  
t h e  cost  of p r o d u c i n g  t h e  s y n t h e t i c  f u e l  i n  t h e  f i rs t  p l a c e  ( r e f .  7 ) .  A conse- 
quence o f  l o w e r  a c c e p t a b l e  hydrogen c o n t e n t ,  i s  h i g h e r  carbon c o n t e n t .  T h i s  
can r e s u l t  i n  i n c r e a s e d  exhaus t  gas soot and accompanying r a d i a t i o n  h e a t  
e f f e c t s  i n  t h e  combustor .  
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ALTERNATIVE FUELS TESTED 

* 

V a r i o u s  f u e l  p r o p e r t i e s  have a d e f i n i t e  e f f e c t  on how e f f i c i e n t l y  a g i v e n  
f u e l  w i l l  b u r n  i n  a p a r t i c u l a r  combustor  a t  c e r t a i n  o p e r a t i n g  c o n d i t i o n s .  The 
reduced hydrogen c o n t e n t  o f  a g i v e n  f u e l  can a l s o  r e s u l t  i n  poo r  f u e l  a tomiza-  
t i o n  and v a p o r i z a t i o n .  The r e l a t i v e  b u r n i n g  t i m e  o f  a f u e l  d r o p l e t  i s  80 p e r -  
c e n t  g r e a t e r  when i t  has a hydrogen c o n t e n t  o f  1 1  p e r c e n t  as compared t o  a 
f u e l  h a v i n g  a hydrogen c o n t e n t  of 13 p e r c e n t .  I f  t h e  hydrogen c o n t e n t  i s  
12 p e r c e n t ,  t h e  b u r n i n g  t i m e  i s  30 p e r c e n t  g r e a t e r  t h a n  a t  13 p e r c e n t .  Another  
f a c t o r  i s  t h e  a t o m i z a t i o n  o f  t h e  f u e l  e n t e r i n g  t h e  combustor .  A 50 pm g a s o l i n e  
d r o p l e t  i n  a 2300 K env i ronmen t  t a k e s  2 . 0  ms t o  b u r n ;  a heavy d e n s i t y  d i e s e l  
f u e l  d r o p l e t  a t  t h e  same c o n d i t i o n s  t a k e s  3 .5  ms t o  b u r n .  Also d r o p l e t  
v e l o c i t y  t h r o u g h  t h e  combustor  has an e f f e c t  on t h e  b u r n i n g  t i m e ;  e . g . ,  a 
100 pm t a r  sands DF2 d r o p l e t  b u r n i n g  t i m e  doub les  i n  g o i n g  from 1 t o  7 5  m/sec.  
The most d e s i r a b l e  p r o p e r t i e s ,  bes ides  h i g h  hydrogen c o n t e n t ,  fo r  a g i v e n  f u e l  
i s  low v i s c o s i t y  and s u r f a c e  t e n s i o n  so as t o  enhance a t o m i z a t i o n  and d r o p l e t  
s i z e  ( r e f .  2 ) .  

S u t t o n ,  e t  a l . ,  has an i n t e r e s t i n g  concep t  t h a t  t h e  most i m p o r t a n t  p h y s i -  
c a l  p r o p e r t y  o f  any f u e l  i s  i t s  s p e c i f i c  h e a t  i n  r e g a r d s  t o  v a p o r i z a t i o n  
( r e f .  14 ) .  The h e a t i n g  and e v a p o r a t i o n  o f  v a r i o u s  f u e l s  r e v e a l s  t h a t  t h e  r a t e  
o f  r e a c t i o n  w i t h  a i r  i s  a f u n c t i o n  o f  t h e  s p e c i f i c  h e a t  o f  t h e  f u e l .  If t h e  
f u e l  s p e c i f i c  h e a t  i n c r e a s e s ,  t h e  l i q u i d  t e m p e r a t u r e  r i s e  i s  s lowed such t h a t  
t h e  d r o p l e t  e v a p o r a t i o n  s l o w s .  A s  t h e  l i q u i d  d r o p  t e m p e r a t u r e  r i s e s ,  t h e  vapor  
c o n c e n t r a t i o n  a t  t h e  s u r f a c e  i n c r e a s e s  and a l a r g e r  p r o p o r t i o n  of t h e  h e a t  
t r a n s f e r r e d  t o  t h e  d r o p  i s  used t o  s u p p l y  t h e  l a t e n t  h e a t  o f  v a p o r i z a t i o n .  
For example,  Exper imen ta l  Reference Broad S p e c i f i c a t i o n  ( E R B S )  f u e l  s p e c i f i c  
h e a t  i s  t w i c e  t h a t  o f  j e t  A a t  588 K so t h e  ERBS f u e l  d r o p l e t  e v a p o r a t i o n  r a t e  
i s  n e g l i g i b l e  compared to t h e  j e t  A .  

THE TEST HARDWARE 

The t e s t  combustor  was a f l a m e  tube  t y p e  t h a t  was m o d i f i e d  t o  s i m u l a t e  a 
l e a n  b u r n ,  advanced gas t u r b i n e  e n g i n e  combustor .  The l e a n  (minimum f u e l )  
homogeneous c o m b u s t i b l e  gas m i x t u r e s  i n c r e a s e  t h e  combustor  t o l e r a n c e  t o  low 
hydrogen c o n t e n t  f u e l s  b y  m i n i m i z i n g  r a d i a t i o n  h e a t i n g  from t h e  h i g h  ca rbon  
c o n t e n t  f u e l s  ( r e f .  8 ) .  The combustor  was o p e r a t e d  a t  i n l e t  combus t ion  a i r  
t e m p e r a t u r e s ,  up t o  1300 K ,  and a t  f u e l  t o  a i r  m i x t u r e  r a t i o s ,  0.005 t o  
0 .025 .  A schemat i c  d r a w i n g  o f  t h e  combustor  i s  shown i n  f i g u r e  1 .  

A k e y  f a c t o r  i n  o b t a i n i n g  h i g h  pe r fo rmance  w i t h  low hydrogen c o n t e n t  f u e l s ,  
i s  t o  a c h i e v e  opt imum a t o m i z a t i o n  o f  t h e  f u e l  and good m i x i n g  w i t h  t h e  combus- 
t i o n  a i r .  A t y p e  o f  n o z z l e  h a v i n g  t h i s  c a p a b i l i t y  i s  t h e  a i r  b l a s t  d e s i g n  t h a t  
i n c o r p o r a t e s  a p i t o t  a i r  f low t h r o u g h  t h e  n o z z l e  t o  shear  t h e  i n j e c t e d  f u e l  
s t reams .  A CF6-50 combustor  h a v i n g  an a i r  b l a s t  f u e l  a t o m i z i n g  n o z z l e  was a b l e  
t o  reduce  t h e  r a d i a t i o n  h e a t  l o a d  t o  t h e  combustor  w a l l s  by  50 p e r c e n t  compared 
t o  a c o n v e n t i o n a l  n o z z l e  o p e r a t i n g  a t  t h e  same c o n d i t i o n s  ( r e f .  9). Also an 
a i r  b l a s t  n o z z l e  o p e r a t i n g  a t  t h e  same c o n d i t i o n s  as a s i m p l e x  f u e l  n o z z l e  
r e s u l t e d  i n  a n o t i c e a b l e  r e d u c t i o n  i n  soot p r o d u c t i o n  ( r e f .  5 ) .  I n  t h e  t e s t  
combustor  a p p r o x i m a t e l y  2 t o  3 p e r c e n t  o f  t h e  combus t ion  a i r  f low was i n j e c t e d  
t h r o u g h  t h e  f u e l  n o z z l e .  The a i r  p r e s s u r e  d r o p  was k e p t  h i g h  f o r  maximum 
momentum and t h e  n o z z l e  f u e l  t o  a i r  mass r a t i o  was 0.1 t o  0 . 2 .  Pr ior  work 
i n d i c a t e d  t h a t  combust ion  e f f i c i e n c y  i s  improved and n i t r o g e n  o x i d e  f o r m a t i o n  
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i s  reduced i f  t h e  p r i m a r y  or i n i t i a l  m i x t u r e  r a t i o  i s  i n  t h e  0.11 t o  0 . 1 4  f u e l  
t o  a i r  r e g i o n  ( r e f .  10). 

The n o z z l e  was l o c a t e d  i n  t h e  ups t ream end o f  t h e  combustor  and was iso- 
l a t e d  from t h e  h o t  combust ion  a i r  f l o w i n g  around i t .  However, h e a t  soak-back 
d u r i n g  t e s t i n g  o c c u r r e d  t h r o u g h  t h e  combustor -nozz le  c o n n e c t i o n .  The n o z z l e  
sp ray  was d i r e c t e d  i n t o  a combust ion  cup s u r r o u n d i n g  t h e  n o z z l e  e x i t  and enough 
o f  t h e  combust ion  a i r  was d i r e c t e d  i n t o  t h e  cup t o  a t t a i n  a s t o i c h i o m e t r i c  
f u e l - a i r  m i x t u r e  t h a t  was t h e n  i g n i t e d  u s i n g  a h i g h  energy  spa rk  p robe .  

The i g n i t e d  s t o i c h i o m e t r i c  gas m i x t u r e  then  f l o w e d  i n t o  t h e  combustor  p r i -  
mary zone a l o n g  w i t h  t h e  r e m a i n i n g  combust ion  a i r  f l o w i n g  i n  a s w i r l  p a t t e r n  
a round t h e  i g n i t e d  gases .  Based on  G a r r e t t  Company s t u d i e s  ( r e f .  €I>, a p p r o x i -  
m a t e l y  h a l f  t h e  combus t ion  a i r  was used i n  t h i s  f i n a l  m i x i n g  o p e r a t i o n .  The 
f i n a l  m i x t u r e  r a t i o  o f  f u e l  t o  a i r  b e i n g  t h e  one r e p o r t e d  i n  t h e  r e s u l t s .  The 
t r a n s i t i o n  o f  gas f lows m i n i m i z e s  t h e  gas r e c i r c u l a t i o n  zone, b u t  t h e  change 
i n  v e l o c i t i e s  enhances t h e  f u e l  and a i r  m i x i n g .  

THE TEST COMBUSTOR 

The combustor  was a 7 . 6  c m  d i a m e t e r  s t a i n l e s s  s t e e l  t ube  a p p r o x i m a t e l y  
45 cm l o n g .  The d i a m e t e r  and l e n g t h  were s i z e d  such t h a t  t h e  combus t ion  gas 
r e s i d e n c e  t i m e  was 4 t o  8 ms  and t h e  gas v e l o c i t y  w a s  30 t o  120 rnlsec,  depend- 
i n g  on t h e  mass f l o w r a t e  and t e m p e r a t u r e .  I t  i s  b e l i e v e d  t h a t  t h e  f u e l  d r o p l e t  
v a p o r i z a t i o n  and b u r n i n g  i s  a f u n c t i o n  o f  i t s  i n i t i a l  i n j e c t i o n  s i z e  and i t s  
r e s i d e n c e  t i m e .  T h e r e f o r e  t h e  combust ion  e f f i c i e n c y  based on  t h e  combust ion  
gas average t e m p e r a t u r e  r e p o r t e d  p r e v i o u s l y  ( r e f .  111, i s  n o t  so much f u e l  t o  
a i r  m i x t u r e  r a t i o  or gas phase r e a c t i o n  f a v o r e d  as i t  i s  i n  t h e  t i m e  t h e  f u e l  
d r o p l e t  r e q u i r e d  t o  go from a l i q u i d  t o  a mixed gas t h a t  can r e a c t  ( r e f .  5 ) .  
Two d i f f e r e n t  a i r  b l a s t  f u e l  i n j e c t i o n  n o z z l e s  were used.  These n o z z l e s ,  i n  
schemat ic  l a y o u t ,  a r e  shown i n  f i g u r e  2 .  The i n i t i a l  n o z z l e  i s  l a b e l e d  P-A 
and t h e  f i n a l  usage n o z z l e  i s  l a b e l e d  C-A .  Bo th  had s i m i l a r  f u e l  a t o m i z a t i o n  
b e h a v i o r  o v e r  t h e  t e s t  c o n d i t i o n s .  The P-A n o z z l e  encoun te red  prob lems i n  
t h a t  t he rma l  soak-back caused f u e l  d e c o m p o s i t i o n  or breakdown i n  i t s  n a r r o w  
c o n f i n i n g  f u e l  f low passages and w i t h  t i m e ,  t h e  d e p o s i t s  b u i l t  up enough t o  
change f low c h a r a c t e r i s t i c s  and p a t t e r n  f a c t o r  ( see  r e f .  1 1 ) .  The P-A n o z z l e  
was i m p o s s i b l e  t o  d i sassemb le  and c l e a n .  The C-A n o z z l e  a l s o  has s m a l l  
passages t h a t  were s u b j e c t  t o  d e p o s i t i o n ,  b u t  was made so t h a t  i t  can c o u l d  be 
d isassembled  between t e s t  r u n s  and c l e a n e d .  

THE TEST FACILITY 

Program t e s t i n g  was conducted  i n  t h e  Combust ion Research T e s t  F a c i l i t y  
( c e l l  23) a t  t h e  NASA Lewis  Research C e n t e r .  The F a c i l i t y  has t h e  c a p a b i l i t y  
o f  s u p p l y i n g  i n l e t  combus t ion  a i r  ( u p  t o  1 k g / s e c  and up t o  1250 K) f o r  
ex tended p e r i o d s .  T h i s  f e a t u r e  s i m u l a t e s  c o n d i t i o n s  t h a t  wou ld  o c c u r  i n  a 
r e g e n e r a t i v e  gas t u r b i n e  e n g i n e ,  or  one t h a t  had a h i g h  compress ion  r a t i o .  A 
schemat ic  o f  t h e  f a c i l i t y  i s  shown i n  f i g u r e  3 .  The i n l e t  combus t ion  a i r  i s  
hea ted  by  f l o w i n g  i t  t h r o u g h  a h o t ,  porous  ce ramic  whee l .  The u n v i t i a t e d  h o t  
a i r  i s  t h e n  s u p p l i e d  t o  t h e  combustor .  T h i s  wheel i s  hea ted  by  a b u r n e r  on 
one s i d e ,  and as t h e  wheel r o t a t e s  p a s t  f l e x u r e  s e a l s  t h a t  s e p a r a t e  t h e  b u r n e r  
gases from t h e  combus t ion  a i r ,  i t  r e l e a s e s  i t s  h e a t  t o  t h e  f l o w - t h r o u g h  a i r  
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st ream.  The a i r  t e m p e r a t u r e  i s  c o n t r o l l e d  by t h e  wheel r o t a t i o n  r a t e  and t h e  
b u r n e r  h o t  gas tempera tu re  and f l o w r a t e .  
p r e s i u r e  was r e g u l a t e d  by  a downstream p r e s s u r e  c o n t r o l  v a l v e .  The combust fon  
gas p r e s s u r e  for  a l l  t h e  t e s t s  was a p p r o x i m a t e l y  two a tmospheres .  

The combust ion  a i r  and exhaus t  gas 

T E S T  R I G  INSTRUMENTATION 

Da ta  a c q u i s i t i o n  was accomp l i shed  by o b t a i n i n g  c o n t i n u o u s  measurements o f  
t h e  f u e l  i n j e c t i o n  p r e s s u r e ,  t e m p e r a t u r e ,  and f l o w r a t e ;  t h e  combus t ion  a i r  
i n j e c t i o n  p r e s s u r e ,  t e m p e r a t u r e ,  and f l o w r a t e ;  and t h e  combus t ion  and e x h a u s t  
gases p r e s s u r e s  and t e m p e r a t u r e s .  The measurements were s e l e c t i v e l y  r e c o r d e d  
f o r  l a t e r  p r o c e s s i n g .  The i n s t r u m e n t a t i o n  was c a l i b r a t e d  p r i o r  t o  each t e s t  
r u n .  

The f u e l  f l o w r a t e s  were d e t e r m i n e d  from dua l  l i q u i d  mass f l o w m e t e r s .  The 
a i r  f l o w r a t e  was measured u s i n g  o r i f i c e  and p i t o t  t ube  t y p e  f l o w m e t e r s .  
Type K thermocoup les  were used t o  measure t h e  low tempera tu res  and t y p e  R 
thermocoup les  measured h i g h  t e m p e r a t u r e  c o n d i t i o n s  The p r e s s u r e s  were meas- 
u r e d  w i t h  s t r a i n - g a g e  t y p e  t r a n s d u c e r s .  For t h e  combust ion  a i r  ups t ream o f  
t h e  combustor ,  t h e  combus t ion  gas,  and t h e  exhaus t  gas ,  t h e  r e p o r t e d  tempera-  
t u r e  fo r  each i s  an average of t w e l v e  c i r c u m f e r e n t i a l l y  spaced the rmocoup le  
r e a d i n g s  a t  each l o c a t i o n .  I f  one or more thermocoup les  f a i l e d  d u r i n g  a t e s t ,  
t h e  average was based on  t h e  r e m a i n i n g  a c t i v e  thermocoup les  a t  t h a t  p a r t i c u l a r  
l o c a t i o n .  

The combust ion  gas was sampled c o n t i n u o u s l y  d u r i n g  t e s t s  from a l o c a t i o n  
a t  t h e  e x i t  o f  t h e  t e s t  combustor .  The samp l ing  probe was w a t e r  j a c k e t e d  t o  
keep i t  i n t a c t  i n  t h e  h o t  gas s t ream.  Sample gases under  p r e s s u r e  f l o w e d  
t h r o u g h  i t  and c o n n e c t i n g  l i n e s  to  t h e  c o n t r o l  room a n a l y z e r s  18 m away. The 
gas samp l ing  l i n e  was hea ted  above t h e  dew p o i n t  t e m p e r a t u r e  o f  t h e  sample 
gases f l o w i n g  t h r o u g h  i t .  

The gas a n a l y z e r s  were c a l i b r a t e d  p r i o r  t o  each day o f  t e s t i n g  w i t h  gases 
o f  known p o l l u t a n t  c o n c e n t r a t i o n s .  Based on  these  c a l i b r a t i o n s ,  and t h e  sam- 
p l i n g  p rocedures ,  i t  i s  f e l t  t h a t  t h e  gas a n a l y s i s  i s  w i t h i n  52  p e r c e n t  o f  
t r u e  c o n c e n t r a t i o n .  The u n b u r n t  hyd roca rbons  from t h e  combustor  were measured 
u s i n g  a Beckman model 402 f l a m e  i o n i z a t i o n  d e t e c t o r .  Beckman model 315B 
n o n d i s p e r s i v e  i n f r a r e d  u n i t s  d e t e r m i n e d  t h e  l e v e l  of ca rbon  monoxide and ca rbon  
d i o x i d e .  The n i t r o g e n  o x i d e s  were d e t e r m i n e d  u s i n g  a Thermo-E lec t ron  chemi lu -  
m i n e s c e n t  t y p e  model 10A. Oxygen c o n c e n t r a t i o n s  were d e t e r m i n e d  b y  a Beckman 
model OM-11 a n a l y z e r .  A Thermo-E lec t ron  Model 40 s u l f u r  d i o x i d e  p u l s e d  f l o r e s -  
c e n t  a n a l y z e r  and a B e r k e l e y  model 107 o p a c i t y  me te r  f o r  soot or ca rbon  i n  t h e  
gases were a l s o  i n  t h e  e m i s s i o n s  measur ing  sys tem b u t  d e t e c t e d  o n l y  t r a c e  l e v -  
e l s  o f  t h e s e  e m i s s i o n  p o l l u t i o n  d u r i n g  t h e  t e s t i n g .  

TEST OPERATIONS 

The program t e s t  p l a n  was t o  e v a l u a t e  each o f  t h e  f u e l s  i n  t u r n  a c c o r d i n g  
to  a m a t r i x  t e s t  p a t t e r n .  T e s t  pa ramete rs  were t h e  combus t ion  a i r  f l o w r a t e ,  
t h e  combus t ion  a i r  t e m p e r a t u r e ,  and t h e  f u e l  t o  a i r  mass r a t i o .  Fue l  tempera- 
t u r e  were ambien t  g o i n g  i n t o  t h e  t e s t  r i g  and t h e  combust ion  gas p r e s s u r e  was 
m a i n t a i n e d  a t  a p p r o x i m a t e l y  two a tmospheres .  The t e s t  m a t r i x  i s  shown i n  
t a b l e  2 .  The maximum a i r f l o w  o f  0 .45  k g / s e c  was t h e  maximum wh ich  c o u l d  be 
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c o n s i s t e n t l y  o b t a i n e d ;  t h e  minimum a i r f l o w  t e s t e d  was 0 . 1  k g / s e c .  The maximum 
a i r  i n l e t  t empera tu re  was 1090 K i n  o r d e r  t o  keep t h e  combust ion  gas tempera- 
t u r e  a t  about  1360 K or  l e s s  so as n o t  t o  damage t h e  gas s t ream the rmocoup les .  
The f u e l  t o  a i r  r a t i o  t e s t  range was k e p t  on  t h e  l e a n  s i d e  o f  s t o i c h i o m e t r i c  
c o n d i t i o n s  because i t  has been p r e v i o u s l y  shown t h a t  such m i x t u r e s  i n c r e a s e  
t h e  combust ion  t o l e r a n c e  t o  low hydrogen c o n t a i n i n g  f u e l s  and keep ca rbon  f o r -  
m a t i o n  or  s o o t i n g  a t  a low l e v e l  ( r e f .  12 ) .  Scheduled were 7 2  t e s t s  f o r  each 
f u e l  o r  a t o t a l  o f  576 f o r  t h e  8 f u e l s  t e s t e d .  

Each t e s t  was c a r r i e d  o u t  a t  a d i s c r e t e  a i r  flow and tempera tu re  and f u e l  
t o  a i r  r a t i o  u n t i l  i t  c o u l d  be v e r i f i e d  t h a t  t h e  i n p u t  parameters  and t h e  t e s t  
d a t a  were a t  s t e a d y - s t a t e  c o n d i t i o n s .  T h i s  u s u a l l y  o c c u r r e d  w i t h i n  3 t o  4 m i n .  
The a i r  f low was f i rs t  i n t r o d u c e d  and when tempera tu res  were s t a b l e ,  t h e  f u e l  
was i n j e c t e d .  About  e v e r y  30 t o  60 s e c  t e s t  d a t a  were r e c o r d e d .  For each t e s t  

t e s t  was t h e  one used f o r  r e p o r t i n g .  
I c o n d i t i o n ,  t h r e e  or f o u r  r e a d i n g s  were t a k e n .  U s u a l l y  t h e  l a s t  r e a d i n g  o f  each 

The a i r  and f u e l  f l o w r a t e s  o b t a i n e d  d u r i n g  t h e  t e s t i n g  were as much as 
15 p e r c e n t  i n  v a r i a n c e  from what i s  shown i n  m a t r i x  p a t t e r n .  T h i s  was due t o  
o p e r a t i o n a l  d i f f i c u l t i e s .  B u t  once a f l o w r a t e  was s e l e c t e d ,  t h e  s e t  up con- 
t r o l s  c o u l d  h o l d  i t  w i t h i n  24 p e r c e n t  for  a g i v e n  f low c o n d i t i o n .  V a r i a n c e  
a l s o  o c c u r r e d  fo r  t h e  i n p u t  a i r  t e m p e r a t u r e .  The f a c i l i t y  o p e r a t o r  c o u l d  
a c h i e v e  w i t h i n  225 K o f  what was r e q u e s t e d .  However, when a v a l u e  was 
o b t a i n e d ,  i t  c o u l d  be h e l d  a t  t h a t  v a l u e  w i t h i n  210 K d u r i n g  t h e  t e s t .  The 
t e s t  s t e a d y - s t a t e  c o n d i t i o n s  were j u d g e d  t o  be a t t a i n e d  when t h e  o u t p u t  gases 
d i d  n o t  v a r y  more t h a n  210 K .  

DISCUSSION OF RESULTS 

Program r e s u l t s  a r e  p r e s e n t e d  as a f u n c t i o n  of t h e  f u e l  t o  a i r  mass r a t i o .  
I n  o r d e r  t o  s i m p l i f y  t h e  r e p o r t e d  r e s u l t s ,  a f low o f  a p p r o x i m a t e l y  0 .3  kg o f  
a i r  p e r  second was a r b i t r a r i l y  s e l e c t e d  as b e i n g  r e p r e s e n t a t i v e .  Two i n p u t  
a i r  t empera tu res  a p p r o x i m a t e l y  810 and 1090 K were s e l e c t e d :  t h e  f o r m e r  simu- 
l a t i n g  i d l e  e n g i n e  o p e r a t i n g  c o n d i t i o n s ;  t h e  l a t t e r  s i m u l a t i n g  maximum power 
c o n d i t i o n s .  Even w i t h  t h e s e  s e l e c t i v e  v a l u e s ,  t e s t  p l o t s  o f  d a t a  p o i n t s  made 
a con fus ing  f i g u r e ,  e s p e c i a l l y  where so many f u e l s  had s i m i l a r  r e s u l t s .  There-  
f o re ,  shown i n  t h e  f i g u r e s  a r e  median l i n e s  wh ich  were drawn t h r o u g h  m u l t i p l e  
t e s t  p o i n t s  o f  t h r e e  or more. The d e v i a t i o n  from t h e  median l i n e s  i s  a b o u t  
22 p e r c e n t  on t h e  the rma l  p l o t s  and abou t  25  p e r c e n t  on  t h e  e m i s s i o n  p l o t s .  
The median r e s u l t  l i n e s  a r e  meant t o  show t r e n d s  a t  p a r t i c u l a r  o p e r a t i n g  c o n d i -  
t i o n s  and t o  g i v e  a g e n e r a l  compar ison  of r e s u l t s  f o r  d i f f e r e n t  f u e l s .  The 
r e s u l t s  a r e  i n  t h e  same g e n e r a l  reg ime  as those  f u r n i s h e d  by o t h e r  i n v e s t i g a -  
t o rs ,  some o f  wh ich  a r e  a l s o  i n c l u d e d  on  t h e  f i g u r e s .  

DISCUSSION OF RESULTS: COMBUSTION PERFORMANCE 

The f u n c t i o n  of t h e  gas t u r b i n e  combustor  i s  t o  produce combust ion  gases 
h a v i n g  t h e  maximum energy  v a l u e  p e r  u n i t  volume t h a t  can be used t o  power t h e  
gas t u r b i n e  d r i v e  system, and t o  p roduce  eng ine  t h r u s t .  T h i s  p rogram s i m u l a t e d  
these  o p e r a t i o n s  by  d e t e r m i n i n g  t h e  combust ion  gas tempera tu res  and the rma l  
l o a d i n g  as a f u n c t i o n  of t h e  combustor  i n l e t  a i r  t empera tu re  and t h e  f u e l  t o  
a i r  mass r a t i o .  The t h e o r e t i c a l  combust ion  gas t e m p e r a t u r e  and gas energy  
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l e v e l  ( t h e  e n t h a l p y )  were d e t e r m i n e d  f o r  each o f  t h e  t e s t  f u e l s  u s i n g  a n a l y t i -  
c a l  t echn iques  deve loped  by  Gordon ( r e f .  21)  and c a l c u l a t e d  by  McBr ide  
( r e f .  2 2 ) .  

S ince  t h e  f a c i l i t y  check o u t  t e s t i n g  was done u s i n g  g a s o l i n e  as t h e  f u e l ,  
i t  was dec ided  t o  use t h a t  as t h e  b a s e l i n e  f o r  compar ison w i t h  t h e  o t h e r  f u e l s .  
The per fo rmance r e p o r t e d  i s  t h a t  o b t a i n e d  a t  an i n l e t  mass f l o w r a t e  o f  a p p r o x i -  
m a t e l y  300 g /sec  and, a t  a i r  t empera tu res  o f  a p p r o x i m a t e l y  830 and 1090 K .  

The g a s o l i n e  t e s t  d a t a  the rma l  ene rgy  l e v e l ,  b o t h  t h e o r e t i c a l l y  and from 
t e s t i n g ,  i s  p r e s e n t e d  i n  f i g u r e  4 .  The e x p e r i m e n t a l  t h e r m a l  ene rgy  was d e t e r -  
mined from t h e  combust ion  gas average tempera tu re  as w e l l  as t h e  measured h e a t  
l o s s e s  t h r o u g h  t h e  combustor  w a l l ;  b o t h  c a l c u l a t e d  from the rmocoup le  d a t a .  
A t  t h e  830 K l e v e l  t h e  t e s t  d a t a  gave an e f f i c i e n c y  r a n g i n g  from 107 t o  91 p e r -  
c e n t  o f  t h e o r e t i c a l  o v e r  t h e  t e s t e d  F / A  r a n g e .  A t  t h e  1090 K l e v e l  t h e  t e s t  
e f f i c i e n c y  ranged from 97 t o  99 p e r c e n t  of t h e o r e t i c a l .  The t e s t  d a t a  were a t  
i n l e t  gas tempera tu res  t h a t  were w i t h i n  225 K o f  t h e  s t a t e d  l e v e l s .  

The t h e o r e t i c a l  and o u t p u t  e n t h a l p y  v a l u e s  for t h e  g a s o l i n e  and t h e  o t h e r  
f u e l s  t e s t e d  i s  p r e s e n t e d  i n  f i g u r e  5 as a b a r  g raph .  Whi te  b a r s  a r e  t h e  theo-  
r e t i c a l  v a l u e  f o r  each f u e l  and shaded b a r s  a r e  t h e  t e s t  d a t a  v a l u e s .  The 
l e f t  s i d e  o f  each b a r  i s  t h e  e n t h a l p y  v a l u e  a t  a F / A  v a l u e  of 0.01 and t h e  
r i g h t  s i d e  o f  t h e  b a r  i s  t h e  e n t h a l p y  v a l u e  a t  a F / A  v a l u e  of 0.02. The theo-  
r e t i c a l  v a l u e s  were c a l c u l a t e d  by McBr ide  f o r  each f u e l  ( r e f .  22 ) .  A l l  t h e  
f u e l s  w e r e  t e s t e d  a t  t h e  h i g h e r  i n l e t  t e m p e r a t u r e  ( a p p r o x i m a t e l y  1090 K )  b u t  
enough d a t a  for  r e p o r t a b l e  r e s u l t s  a t  830 K i n l e t  c o n d i t i o n s ,  was o b t a i n e d  
w i t h  g a s o l i n e ,  E . D . S . ,  and hyd rogena ted  E . D . S .  f u e l s .  The t h e o r e t i c a l  e n t h a l p y  
decreases  w i t h  i n c r e a s i n g  F / A  because more energy  i s  r e q u i r e d  t o  v a p o r i z e  and 
h e a t  t h e  a d d i t i o n a l  f u e l  up t o  t h e  r e a c t i o n  t e m p e r a t u r e .  For some o f  t h e  f u e l s  
t h i s  t r e n d  h e l d  f o r  t e s t  r e s u l t s  and for  o t h e r s  j u s t  t h e  o p p o s i t e  o c c u r r e d .  
For these  f u e l s  low F / A  v a p o r i z a t i o n  and r e a c t i o n s  e f f i c i e n c y  r e s t r i c t e d  t h e  
a t t a i n a b l e  combust ion  gas energy  l e v e l .  

Ano the r  compar ison  o f  per formance i s  t h e  i n c r e a s e  i n  combus t ion  gas 
t e m p e r a t u r e  w i t h i n  t h e  combustor .  The i n c r e a s e  i s  s e t  as t h e  d i f f e r e n c e  
between t h e  combust ion  gas average t e m p e r a t u r e  and t h e  i n l e t  a i r  t e m p e r a t u r e .  
From f i g u r e  4, g a s o l i n e  t e s t  d a t a ,  i t  can be seen t h a t  a t  830 K i n l e t  c o n d i -  
t i o n s  t h i s  t e m p e r a t u r e  d i f f e r e n c e  was abou t  360 K a t  a F / A  = 0.01 and 610 K a t  
a F / A  = 0.02. A t  a 1090 K i n l e t  c o n d i t i o n  t h e  t e m p e r a t u r e  d i f f e r e n c e  was 290 
K a t  a 0.01 F / A  and 590 K a t  0 . 0 2  F / A .  Assuming t h e s e  v a l u e s  a r e  b a s e l i n e  
d a t a ,  t hen  t h e  tempera tu re  d i f f e r e n t i a l s  o b t a i n e d  a t  t h e  i d e n t i c a l  t e s t  c o n d i -  
t i o n s  w i t h  t h e  o t h e r  f u e l s  can be compared t o  t h e  g a s o l i n e  d a t a .  T h i s  has 
been done i n  f i g u r e  6 where each f u e l  i s  a g a i n  shown as a b a r  g raph .  The l e f t  
s i d e  o f  each b a r  i s  d a t a  a t  0.01 F / A  and t h e  r i g h t  s i d e  o f  each b a r  i s  d a t a  a t  
0.02 F / A .  The v a l u e  o f  each b a r  i s  a p e r c e n t a g e  o f  t h a t  f u e l s  t e m p e r a t u r e  d i f -  
f e r e n t i a l  i n  r e l a t i o n  t o  t h a t  o b t a i n e d  w i t h  g a s o l i n e .  G a s o l i n e  i s  shown as 
100 p e r c e n t  fo r  b o t h  830 and 1090 K i n l e t  c o n d i t i o n s .  For t h e  most p a r t  a l l  
t h e  o t h e r  f u e l s  had t e m p e r a t u r e  r i s e s  t h a t  were g r e a t e r  t h a n  t h a t  o b t a i n e d  
w i t h  g a s o l i n e ,  t h e  e x c e p t i o n  b e i n g  methanol  wh ich  i s  p r e s e n t e d  a t  a F / A  range  
t h a t  i s  an ex t reme o f  i t s  normal  o p e r a t i n g  r a n g e .  The t e m p e r a t u r e  i n c r e a s e  
was e s p e c i a l l y  s i g n i f i c a n t  f o r  most o f  t h e  f u e l s  a t  t h e  h i g h e r  F / A  v a l u e s .  
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The energy  l e v e l  o f  
c o n d i t i o n s  t e s t e d .  The 
f i c i e n t l y  to  induce  m i x  
90 p e r c e n t  r e g i o n .  The 

~~ ~ 

t h e  combust ion  gases was 
f u e l  n o z z l e  seemed caDab 

s i m i l a r  o v e r  t h e  range o f  
e o f  a t o m i z i n g  t h e  f u e l s  s u f -  

ng  and r e a c t i o n  t h a t  wou d produce e f f i c i e n c i e s  i n  t h e  
f u e l s ,  e x c e p t  fo r  t h e  me h a n o l ,  produced sharp  tempera-  

t u r e  r i s e  i n  t h e  gas,  o v e r  600 K as compared t o  500 K f o r  g a s o l i n e  a t  t h e  h i g h  
F / A  v a l u e s .  

The r e s u l t s  o b t a i n e d  w i t h  a g i v e n  f u e l  may n o t  be t h e  same i f  used i n  
d i f f e r e n t  combustor  w i t h  a d i s s i m i l a r  f u e l  n o z z l e ,  b u t  t h e y  a r e  i n  t h e  same 
reg ime  o f  combust ion  tempera tu res  as r e p o r t e d  by o t h e r s .  Kaufman ( r e f .  13)  i n  
t e s t s  w i t h  a JT8D combustor  o b t a i n e d  s i m i l a r  t empera tu re  i n c r e a s e s  o v e r  t h i s  
same F / A  range  when u s i n g  J e t  A f u e l .  H i s  t empera tu re  r i s e  e f f i c i e n c y  was 
87 p e r c e n t  a t  a 0.015 F / A .  Norgren  ( r e f .  16) o b t a i n e d  tempera tu re  r i s e  e f f i -  
c i e n c i e s  v a r y i n g  from 50 p e r c e n t  a t  0.01 F/A t o  110 p e r c e n t  a t  0.03 F / A ,  
c h i e f l y  due t o  what f u e l  f l o w r a t e  a t o m i z a t i o n  t h e  f u e l  i n j e c t o r  i s  o p t i m i z e d  
f o r .  
Company d e s i g n  and Sanborn ( r e f .  8 )  r e p o r t e d  a gas t e m p e r a t u r e  r i s e  of 400 K 
a t  0.009 F / A  and 1240 K i n l e t  a i r  t empera tu res  w i t h  t h e  G a r r e t t  des igned  u n i t .  

T h i s  p a r t i c u l a r  combustor  and n o z z l e  were p a t t e r n e d  a f t e r  a G a r r e t t  

DISCUSSION OF RESULTS: OXYGEN E M I S S I O N S  I N  THE COMBUSTION GASES 

The measured volume p e r c e n t  o f  oxygen ( 0 2 )  i n  t h e  combust ion  gases f o r  each 
o f  t h e  f u e l s  t e s t e d  a s  a f u n c t i o n  of t h e  F / A  i s  shown i n  f i g u r e  7 .  D u r i n g  t h e  
t e s t i n g  t h e  p e r c e n t  02 was used as a g u i d e  as t o  t h e  combust ion  e f f i c i e n c y .  A s  
was men t ioned  i n  t h i s  p r o g r a m ' s  p r e v i o u s  r e p o r t  ( r e f .  111, t h e  t h e o r e t i c a l  oxy- 
gen c o n c e n t r a t i o n  f o r  hyd roca rbons  b u r n i n g  a t  t hese  F / A  has t h e  same d e p l e t i o n  
s l o p e  as t h e  p r e s e n t e d  r e s u l t s  show b u t  t h e  v a l u e s  f a l l  between t h e  t a r  sands 
DF2 and t h e  EDS f u e l  median v a l u e  l i n e s .  

T h i s  wou ld  i n d i c a t e  t h a t  w h i l e  combust ion  i s  comple ted  for t h e  t a r  sand 
DF2 and t h e  DF2-EDS b l e n d s ,  i t  i s  i n c o m p l e t e  f o r  t h e  o t h e r  f u e l s .  They have 
excess oxygen wh ich  had n o t  r e a c t e d  w i t h  t h e  f u e l  by t h e  t i m e  t h e  gases 
reached  t h e  combustor  gas sample p o i n t .  I f  oxygen c o n c e n t r a t i o n s  had been 
measured a t  t h e  s i t e  where t h e  exhaus t  gas was h o t t e r  t h a n  t h e  combus t ion  gas ,  
t h e  r e s u l t s  m i g h t  be c l o s e r  t o  t h e  t h e o r e t i c a l  l i n e ,  b u t  a l l  samp l ing  was done 
a t  t h e  same l o c a t i o n  downstream o f  t h e  combustor .  

The methano l  t e s t i n g  used t h e  l e a s t  amount o f  oxygen i n  t h e  combus t ion  a i r ,  
p r o b a b l y  because t h e  t e s t i n g  was done a t  c o n d i t i o n s  so f a r  from s t o i c h i o m e t r i c  
F / A  ( 0 . 1 5 6  ve rsus  0 .068 fo r  t h e  o t h e r  h y d r o c a r b o n s ) .  The methanol  BTU c o n t e n t  
o f  o n l y  8570 u n i t s  p e r  pound,  compared t o  17 800 t o  18 300 fo r  t h e  o t h e r  t e s t e d  
f u e l s ,  r e s u l t s  i n  an  u n f a v o r a b l e  showing a t  t h e  low f u e l  t o  a i r  r a t i o s  used i n  
t h i s  program. 

DISCUSSION OF RESULTS: CARBON D I O X I D E  E M I S S I O N S  I N  THE COMBUSTION GAS 

The measured volume p e r c e n t  o f  ca rbon  d i o x i d e  (C02) i n  t h e  combus t ion  
gases f o r  each o f  t h e  f u e l s  i s  shown i n  f i g u r e  8 as a f u n c t i o n  of t h e  F / A .  
The r e s u l t s  i n d i c a t e  s i m i l a r  t r e n d s  as has been d e s c r i b e d  f o r  t h e  oxygen con- 
c e n t r a t i o n .  The C02 l e v e l s  a r e  o p p o s i t e  t h e  02 l e v e l s  for t h e  same f u e l ;  t h a t  
i s ,  t h e  CO2 l e v e l  i s  h i g h e s t  fo r  those  f u e l s  wh ich  had t h e  s m a l l e s t  02  l e v e l .  
T h i s  b e i n g  an i n d i c a t i o n  o f  most o f  t h e  oxygen b e i n g  combined w i t h  f u e l  ca rbon  
r e s u l t i n g  i n  comple te  o x i d a t i o n  t o  C02. I t  was shown i n  t h e  programs p r e v i o u s  
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r e p o r t  ( r e f .  1 1 )  t h a t  t h e  t h e o r e t i c a l  l i n e  i s  between t h e  t a r  sands DF2 and 
t h e  ga .so l i ne  r e s u l t s ,  and t h a t  t h e  d a t a  p roduced a p p r o x i m a t e l y  t h e  same s l o p e  
w i t h  chang ing  F / A .  
had enough t i m e  t o  r e a c t  w i t h i n  t h e  combustor  t o  produce an e q u i l l b r i u m  amount 
o f  ca rbon  d i o x i d e  whereas t h e  o t h e r  f u e l s  shown d i d  n o t  have enough t i m e  t o  
f u l l y  r e a c t  w i t h  t h e  carbon.  The l e a s t  r e a c t i v e  b e i n g  t h e  methanol  f u e l  wh ich  
produced minimum ca rbon  d i o x i d e .  A t  t h e  s e l e c t e d  t e s t  c o n d i t i o n s ,  t h e  h e a t  
g e n e r a t e d  by  t h e  methanol  and a i r  r e a c t i o n  was p r o b a b l y  t o o  l i t t l e  t o  f u r t h e r  
o x i d i z e  t h e  ca rbon  monoxide produced i n t o  carbon d i o x i d e .  

Aga in  t h e  t a r  sand DF2 and t h e  DF2-EDS b lends  a p p a r e n t l y  

DISCUSSION OF RESULTS: UNBURNED HYDROCARBONS AND SOOT E M I S S I O N S  

The measured c o n c e n t r a t i o n  o f  u n r e a c t e d  hydrocarbons  (UHC) i n  t h e  combus- 
t i o n  gas f o r  each o f  t h e  f u e l s  as a f u n c t i o n  o f  t h e  F / A  i s  p r e s e n t e d  i n  
f i g u r e  9.  The c o n c e n t r a t i o n  i s  exp ressed  as an e m i s s i o n  i ndex  v a l v e  (UHCEI), 
t h a t  i s ,  grams o f  e q u i v a l e n t  methane p e r  k i l o g r a m  o f  f u e l  expended. 

For most o f  t h e  f u e l s  t e s t e d ,  t h e  UHCEI was v e r y  low, l e s s  t h a n  two, o v e r  
t h e  F / A  range t e s t e d .  E x c e p t i o n s  were t h e  hydrogenated  EDS and t h e  methano l  
f u e l .  The methano l  f u e l  h a v i n g  a h i g h  UHCEI a t  t hese  t e s t  c o n d i t i o n s  i s  under -  
s t a n d a b l e  what w i t h  b e i n g  so f a r  from t h e  s t o c h i o m e t r i c  F I P . ,  b u t  why t h e  hyd ro -  
genated  EDS has a h i g h  UHCEI (and low C02) and a h i g h  combust ion  t e m p e r a t u r e  
i s  n o t  c l e a r .  

The t e s t  r e s u l t s  fo l low t h e  same p a t t e r n  as o t h e r  i n v e s t i g a t o r s  have 
found - as t h e  F / A  i s  i n c r e a s e d  from i d l e  power c o n d i t i o n s  ( a p p r o x i m a t e l y  
0.01 F / A )  t o  f u l l  power c o n d i t i o n s  ( a p p r o x i m a t e l y .  0 .02  F / A ) ,  t h e  UHCEI 
r a p i d l y  d rops  o f f .  For example,  Cohen i n  t e s t i n g  a T700/CT7 j e t  A f u e l e d  
e n g i n e ,  r e c o r d e d  a ground i d l e  UHCEI o f  4 . 5  and a maximum power UHCEF = 0 . 5  
( r e f .  5 ) .  Grobman r e p o r t e d  an UHCEI = 18 a t  i d l e  c o n d i t i o n s ,  and l e s s  t h a n  5 
a t  f u l l  power w i t h  a JT8D e n g i n e .  When he used a s t a n d a r d  f u e l  n o z z l e  he r e a l -  
i z e d  an UHCEI o f  12 a t  a F / A  = 0 .015  and when he used an a i r  a s s i s t  n o z z l e  he 
r e c o r d e d  2 a t  F / A  = 0 .015  ( r e f .  3 ) .  

F l e t c h e r  r e p o r t s  g e t t i n g  UHCEI = 9 a t  477 K i n l e t  a i r  t e m p e r a t u r e ,  0 . 1 5  
a t  588 K ,  0.08 a t  699 K ,  and 0.02 a t  811 K ( r e f .  1 5 ) .  S u t t o n  made t e s t s  u s i n g  
J e t  A and DF2 f u e l s ;  a t  a F / A  = 0.022 t h e  J e t  A UHCEI was 0 .26  and w i t h  DF2 
was 4 6 . 3 ,  a t  a F / A  = 0 . 0 1 0  t h e  j e t  A UHCEI was 7 0 . 2  and w i t h  DF2 i t  was 174 
( r e f .  1 4 ) .  Norg ren  showed i n  h i s  t e s t i n g  w i t h  J e t  A t h a t  t h e  combus t ion  p r e s -  
s u r e  r a t i o  had an e f f e c t .  A t  a p r e s s u r e  r a t i o  o f  t h r e e  t h e  U H C E I  =' 500, when 
t h e  r a t i o  was i n c r e a s e d  t o  s i x  t h e  UHCEI = 150, and when t h e r e  r a t i o  was 
g r e a t e r  t h a n  n i n e ,  t h e  UHCEI = 1 ( r e f .  1 6 ) .  T i e n  and Anderson p o i n t e d  o u t  how 
r a p i d l y  UHCEI changed as t h e  combust ion  gases t r a v e l e d  down a d u c t :  a t  a r e f -  
e rence  l o c a t i o n  t h e  U H C E I  = 100 ( F / A  = 0 . 0 1 5 > ,  7 c m  downstream o f  t h i s  l o c a t i o n  
t h e  UHCEI was e i g h t ,  and 22 cm downstream o f  t h e  l o c a t i o n  t h e  UHCEi was 0.5 
( r e f .  1 7 ) .  

D u r i n g  t h i s  t e s t  p rogram an o p a c i t y  measur ing  a n a l y z e r ,  l o o k i n g  a c r o s s  t h e  
exhaus t  gas s t ream,  was used t o  d e t e r m i n e  i f  t h e  o p a c i t y  was chang ing  due t o  
smoke or soot i n  t h e  s t ream.  The a n a l y z e r  d i d  n o t  i n d i c a t e  any measurab le  
smoke or dense p a r t i c l e s  i n  t h e  s t ream.  A f t e r  t e s t i n g  fo r  o v e r  100 h r  t h e  
i n t e r i o r  o f  t h e  combust ion  was examined and o n l y  a m i c r o n  t h i c k n e s s  of soot 
was a p p a r e n t  a round t h e  f u e l  a t o m i z i n g  n o z z l e ;  t h e  rema inder  o f  t h e  combustor  
i n t e r i o r s  was soot f r e e .  
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DISCUSSION OF RESULTS: CARBON MONOXIDE E M I S S I O N S  I N  THE COMBUSTION GASES 

I ' 
I r e a c t e d  (CO E I ) .  

The measured c o n c e n t r a t i o n s  o f  ca rbon  monoxide (CO)  i n  t h e  combust ion  gases 
i s  shown i n  f i g u r e  10 f o r  each o f  t h e  f u e l s  t e s t e d  as a f u n c t i o n  o f  t h e  F / A .  
The c o n c e n t r a t i o n  i s  exp ressed  as t h e  grams o f  CO produced pe r  1000 g o f  f u e l  

Most o f  t h e  f u e l s  had median C O E I  l e v e l s  t h a t  w e r e  l e s s  t h a n  50 and d i d  n o t  
d e v i a t e  much from t h a t  l e v e l  o v e r  t h e  F / A  range t e s t e d .  The DF2 + EDS b l e n d s ,  
t h e  g a s o l i n e ,  and t h e  two DF2 's  were l e s s  t han  30 C O E I .  The h i g h  C O E I  v a l v e s  
f o r  t h e  methanol  f u e l  t e s t s  was expec ted  a t  t hese  F / A  v a l u e s  f o r  t h e  same 
reasons  as expressed f o r  t h e  h i g h  UHCEI l e v e l s .  The h i g h  l e v e l s  f o r  t h e  EDS 
f u e l s ,  e s p e c i a l l y  t h e  hyd rogena ted  EDS, would n o t  be expec ted  a t  t h e  h i g h  com- 
b u s t i o n  gas tempera tu res  t h a t  were measured ( f i g .  5 ) .  S i n c e  t h e  hyd roca rbon  
c o n c e n t r a t i o n  was a l s o  h i g h e r  t h a n  ave rage ,  i t  m i g h t  be assumed t h a t  t h e  h i g h  
tempera tu re  r e c o r d e d  was i n  p a r t  due t o  r a d i a t i o n  e f f e c t s .  

The usua l  t r e n d  f o r  CO e m i s s i o n s  i s  fo r  t h e i r  c o n c e n t r a t i o n  t o  decrease 
w i t h  i n c r e a s e d  F / A  and t h e n  i n c r e a s e  a t  h i g h e r  F / A  v a l u e s .  The h i g h  l e v e l  o f  
CO a t  low F / A  v a l u e s  i s  due t o  slow o x i d a t i o n  r a t e s  o f  ca rbon  a s s o c i a t e d  w i t h  
low combust ion  t e m p e r a t u r e s .  I n c r e a s e s  i n  F / A  v a l u e s  r a i s e  t h e  f l a m e  tempera- 
t u r e  wh ich  a c c e l e r a t e s  o x i d a t i o n  o f  C t o  CO t o  CO2. 
1700 K ( i . e . ,  h i g h  F / A  v a l u e s ) ,  t h e  CO s t a r t s  t o  i n c r e a s e  a g a i n  as t h e  C02 d i s -  
s o c i a t e s .  I n c r e a s i n g  combus t ion  a i r  i n l e t  t empera tu res  promote  t h i s  i n c r e a s e  
i n  C02 d i s s o c i a t i o n .  
t h e  f u e l  b e i n g  a tomized  i n t o  v e r y  s m a l l  d r o p l e t s  (ref. 1 8 ) .  

A t  t empera tu res  above 

The o x i d a t i o n  of the C and CO t o  C02 i s  encouraged b y  

I Superimposed on t h e  r e s u l t s  o b t a i n e d  i n  t h i s  p rogram,  a r e  r e s u l t s  o b t a i n e d  
by  o t h e r  i n v e s t i g a t o r s .  Those l a b e l e d  "N"  a r e  from work done b y  Norg ren  and 

r e p o r t e d  by  S u t t o n ,  T r o t h ,  and M i l e s  ( r e f .  14)  u s i n g  J e t  A and DF2 f u e l s ,  t h a t  
l a b e l e d  " K "  i s  from t h e  work o f  Kauffman ( r e f .  13)  u s i n g  JP4, and t h e  "G" d a t a  
a r e  from a Grobman r e p o r t  ( r e f .  3 ) .  They show a d e c r e a s i n g  o f  C O E I  w i t h  
i n c r e a s i n g  F / A  i n  t h e  g e n e r a l  c o n c e n t r a t i o n  a r e a  t h a t  t h i s  p rogram f o u n d  f o r  
C O E I  v a l v e s .  

i R idd lebaugh  ( r e f .  19) u s i n g  J e t  A f u e l ,  t h o s e  l a b e l e d  " T "  a r e  from work 

G e n e r a l l y ,  b o t h  t h e  UHCEI and C O E I  v a l v e s  decrease a t  t h e  same F / A  v a l v e s  
b u t  t h e  UHCEI d o  n o t  s t a r t  i n c r e a s i n g  a t  h i g h e r  F / A  i nduced  f l a m e  t e m p e r a t u r e s ,  
as does t h e  C O E I  as t h e  ca rbon  e m i s s i o n s  go  from C02 back  t o  CO. 

DISCUSSION OF RESULTS: N ITROGEN O X I D E  E M I S S I O N S  I N  T H E  COMBUSTION GASES 

The measured c o n c e n t r a t i o n  o f  n i t r o g e n  o x i d e s  (NO,) i n  t h e  combus t ion  
gas s t ream i s  exp ressed  as an e m i s s i o n s  i n d e x  ( N O X E I ) .  The i n d e x  i s  t h e  grams 
o f  NOx p roduced p e r  1000 g of f u e l  bu rned .  T e s t  r e s u l t s  a r e  c o n t a i n e d  i n  
f i g u r e  1 1  f o r  each f u e l  a s  a f u n c t i o n  of t h e  F / A  t e s t  r a n g e .  

S i n c e  t h e r e  a r e  m i n i m a l  n i t r o g e n  compounds i n  t h e  t e s t e d  f u e l s ,  t h e  NOx 
fo rmed i s  a l m o s t  e n t i r e l y  from t h e r m a l  o x i d a t i o n  o f  t h e  n i t r o g e n  i n  t h e  combus- 
t i o n  a i r .  A s  t h e  F / A  i n c r e a s e s  t h e  f l a m e  t e m p e r a t u r e  i n c r e a s e s  and more o f  
t h e  f l o w t h r o u g h  n i t r o g e n  i s  o x i d i z e d .  T h i s  i s  p r e s e n t e d  i n  f i g u r e  12 where 
t h e  N O X E I  i s  p l o t t e d  as a f u n c t i o n  of t h e  combus t ion  gas average t e m p e r a t u r e .  
T h i s  t r e n d  i s  a p p a r e n t  for a l l  t h e  f u e l s  shown i n  f i g u r e  1 1 ;  some more so t h a n  
o t h e r s .  The t e s t s  a t  t h e  i d l e  c o n d i t i o n  i n p u t  a i r  t empera tu res  p roduced  abou t  
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a t h i r d  as much N O X E I  as d i d  t h e  same f u e l s  when u s i n g  t h e  maximum power i n p u t  
a i r .  
t h e  DF2-EDS a l i t t l e  l e s s  and t h e  EDS f u e l s  t h e  l e a s t  amount. A t  t h e  v e r y  b o t -  
tom a r e  t h e  methanol  f u e l  t e s t s  wh ich  d i d  n o t  p roduce much NOx because o f  
t h e i r  r e l a t i v e l y  low o p e r a t i n g  tempera tu re  c o n d i t i o n s .  

The g a s o l i n e  and d i e s e l  f u e l s  p roduced t h e  most N O X E I  a t  any g i v e n  F / A ,  

Shown a l s o  i n  f i g u r e  1 1  a r e  N O X E I  r e s u l t s  o b t a i n e d  b y  o t h e r  i n v e s t i g a t o r s .  
The work o f  Norg ren  ( r e f s .  16 and 19) i s  l a b e l e d  " N . "  The N O X E I  from J e t  A 
and D F 2  as o b t a i n e d  by  S u t t o n  ( r e f .  14) i s  l a b e l e d  " T . "  M i s c e l l a n e o u s  d a t a  
from Hammond ( r e f .  4), and Grobman ( r e f .  31, a r e  l a b e l e d  "H," and "G, "  
r e s p e c t i v e l y .  The va lues  o b t a i n e d  i n  t h e s e  commerc ia l  eng ine  combustor  t e s t s  
a r e  o f  a s i m i l a r  magn i tude as t h i s  p rogram N O X E I  v a l v e s .  The r a t e  o f  i n c r e a s e  
may be d i f f e r e n t  due t o  d i f f e r e n t  f u e l  sp ray  n o z z l e s  used f o r  t e s t i n g .  

The l a r g e s t  v a l u e s  o f  N O X E I ,  a t  t h e  maximum power o p e r a t i n g  c o n d i t i o n s ,  
were w i t h  g a s o l i n e  and t h e  p e t r o l e u m  base D F 2  f u e l s .  The syn f u e l s  ( i . e . ,  
t h o s e  o b t a i n e d  from nonpe t ro leum sources )  gave lower v a l u e  N O X E I  v a l u e s  a t  t h e  
same combust ion  tempera tu res  than  t h e  g a s o l i n e  and DF2. 

A g e n e r a l  r u l e ,  s t a t e d  i n  t h e  l i t e r a t u r e ,  i s  t h a t  as t h e  i n l e t  combus t ion  
a i r  t e m p e r a t u r e  i n c r e a s e s  by  400 K ( e . g . ,  400 t o  800 K ) ,  t h e  N O X E I  w i l l  
i n c r e a s e  by  a f a c t o r  o f  10 ( r e f .  1 5 ) .  L i k e w i s e ,  as t h e  r e a c t i o n  t e m p e r a t u r e  
goes from 1750 t o  2650 K ,  t h e  N O X E I  w i l l  m u l t i p l y  by  a f a c t o r  o f  100 ( r e f .  2 ) .  
Spadacc in i  i n  h i s  t e s t i n g  a t  h i g h  F / A ' s ,  f o u n d  t h a t  i n c r e a s i n g  t h e  combus t ion  
p r e s s u r e  a l s o  i n c r e a s e d  t h e  N O X E I  l e v e l  ( r e f .  20) b u t  Norg ren  has r e p o r t e d  
( r e f .  16)  t h a t  a t  h i g h  p r e s s u r e  r a t i o s  and low F / A  t h e  N O X E I  i s  l e s s  t h a n  a t  
lower p r e s s u r e  r a t i o s .  

SUMMARY OF RESULTS 

The r e s u l t s  i n  t h i s  p rogram show t h e  r e l a t i v e  compar ison o f  combust ion  gas 
emiss ions  for s e l e c t i v e  a l t e r n a t i v e  hyd roca rbon  f u e l s  as compared t o  b a s e l i n e  
f u e l s  such as g a s o l i n e  and p e t r o l e u m  based d i e s e l  f u e l .  The e m i s s i o n  e v o l v e -  
ment as a f u n c t i o n  o f  t h e  i n p u t  combust ion  a i r  t e m p e r a t u r e  and t h e  f u e l  t o  a i r  
mass r a t i o  i s  a l so  p r e s e n t e d .  C a u t i o n  shou ld  be t a k e n  i n  r e g a r d  t o  t h e  a c t u a l  
e m i s s i o n  v a l u e s  s t a t e d ;  t h e y  a r e  p r e s e n t e d  f o r  compar ison o n l y  t o  r e l a t e  t h e  
v a r i o u s  f u e l s  t e s t e d  a t  t h e  g i v e n  t e s t  c o n d i t i o n s  s t a t e d  i n  t h i s  r e p o r t .  B u t  
t h e  magn i tude  o f  t h e  r e s u l t s  p r e s e n t e d  i s  i n  t h e  same o r d e r  as t h a t  shown by  
o t h e r  i n v e s t i g a t o r s .  

U s i n g  an a i r  b l a s t  f u e l  sp ray  n o z z l e ,  a t h r e e - s t a g e  combust ion  p r o c e s s ,  
and h i g h  i n l e t  a i r  t empera tu res ,  a l l  t h e  f u e l s  c o u l d  be a tomized  and i g n i t e d  
i n  t h e  s p e c i f i e d  t e s t  c o n d i t i o n s .  The combust ion  tempera tu res  o b t a i n e d  were 
n o t  as h i g h  as d e s i r e d  as t h e  d i f f e r e n t  f u e l s  p r o b a b l y  had d i f f e r e n t  p h y s i c a l  
p r o p e r t i e s  p r e v e n t i n g  comple te  v a p o r i z a t i o n  i n  t h e  g i v e n  combustor .  S u t t o n  
( r e f .  14)  who a l s o  used an a i r  b l a s t  n o z z l e  i n  h i s  combustor ,  conc luded  t h a t  
t h e  f u e l  t he rma l  p r o p e r t i e s  ( e . g . ,  h e a t  o f  combus t ion )  a r e  a m in ima l  c o n s i d e r a -  
t i o n  i n  o b t a i n i n g  combust ion  e f f i c i e n c y  as compared t o  t h e  p h y s i c a l  ( v a p o r i z a -  
t i o n )  p r o p e r t i e s .  I n  r e g a r d  t o  e m i s s i o n s ,  t h e  i d e a l  s i t u a t i o n  i s  t o  c o n t r o l  
t h e  combust ion  gas t e m p e r a t u r e  so as t o  a l l o w  enough r e s i d e n c e  t i m e  f o r  t h e  
consumpt ion  of t h e  hydrocarbons  and ca rbon  monoxide b u t  keep t h e  t e m p e r a t u r e  
low enough as n o t  t o  g e n e r a t e  excess n i t r o g e n  o x i d e s .  Also a f a c t o r  r e p o r t e d  
by  o t h e r s  i s  t h e  r e d u c t i o n  o f  emiss ions  by  u s i n g  h i g h  combustor  p r e s s u r e  r a t i o s  
( a t  low F / A ' s > .  
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I T h i s  program has 
t e m p e r a t u r e )  and m i n  
good c h o i c e  m i g h t  be 
t e s t e d  i n  t h i s  p r o g r  

shown t h a t  t o  g e t  h i q h  pe r fo rmance  ( i . e . ,  - .  h i g h  f l a m e  
mum e m i s s i o n s  comparable t o  g a s o l i n e  or d e s e l  f u e l ,  a 
an a l t e r n a t e  f u e l  composed o f  DF2 and EDS. The b l e n d s  
m had combus t ion  gas t e m p e r a t u r e s  s i m i l a r  or h i g h e r  t h a n  

t h a t  o b t a i n e d  w i t h - g a s o l i n e  a t  t h e  same t e s t  c o n d i t i o n s ,  and t h e  k e y  emis- 
s i o n s ,  CO and NOx,  a t  many t e s t  c o n d i t i o n s  were l e s s  t h a n  what were o b t a i n e d  
w i t h  g a s o l i n e  f u e l .  None o f  t h e  f u e l s  t e s t e d  were e x t r e m e l y  p o o r  i n  cornbus- 
t i o n  c h a r a c t e r i s t i c s  or  e m i s s i o n  p r o d u c t i o n  e x c e p t  t h e  methanol  wh ich  was 
b e i n g  compared a t  a v e r y  low e q u i v a l e n c e  r a t i o  and has a much l o w e r  chemica l  
h e a t  c o n t e n t  t h a n  t h e  o t h e r  t e s t e d  f u e l s .  
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IBP-5 p e r c e n t  
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I n p u t  a i r  temperature ,  
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.012 

.014 
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810 810 
950 950 
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26.4 
24.8 
2.34 

50:50  EOSlDF 
F LOB 1 BF 

30 
7.40 
27.9 

0.8877 

382-4 19 
430-440 
459-469 
485-503 
524-551 
586-61 3 

647 
99.0 

1.0 

77:23 EDS/OF 
FL1039 

90 
7.59 
24.0 

0.9100 

404-418 
428-434 
439-448 
462-477 
494-516 
542-577 
6 12-649 

99.0 
1 . o  

28.5 
2.6.5 
2.52 

7.08 6.70 
35.1 58.9 

0. 7432 

77-90 
105-1 33 
160-183 
203-223 
244-272 
316-350 

378 
97.0 

1 .o 

0.8493 

373-400 
4 17-442 
462-481 
496-516 
537-563 
598-625 

65 1 
99.0 

1 .o 

667-700 
,763 
99.0 

1 .o 

573-61 I 
649 

98.0 
2.0 

34.9 
36.0 
2.91 
-4.8 

23.5 34.8 
33.0 
2.48 

46.5 
45.4 
2 .50  
-4.0 

1 ( - 1 7 )  

0.46 
0.54 C S T  at '293 K 

Pour  p o i n t ,  " F  ( " C )  
t l e s e n t a l  a n a l v s i s .  ut % 

-4.0 
-18 (-28) 

87.31 

-44 (-42) 

87.04 
11.75 
0.67 

0.028 

32.7 
0 . 0  

67.3 
10.65 
10.18 

1.60 
I 7  934 

145 ( 6 2 )  
28 .5  

---___----- 

-58 ( -50)  

88.15 
11.47 
<0.01 
0.14 

0.002 

37.1 
0 

-29 (-34) 

85.48 
13.36 
0.007 _______  

88.50 
10.90 
0.01 
0.32 

0.028 

88.39 
11.35 
0.07 
0.36 

Carbon 
Hydrogen 
S u l f u r  
Oxygen 
N1 t r o g e n  

S d t u r d t e s  
O l e f i n s  
Aromat 1 c s  
m o n o c y c l i c .  ut  % 
d , c y c l i c ,  w t  % 

I H y d r o g e n / c a r b o n  r a t i o  
~ N6.t h e a t ,  B t d l b  

i l d i h  p o i n t .  "F ( " C )  
I S u r f a c e  t e n s j o n .  dyn/cm 

l y d r o c a r b o n s ,  vol  % 

~ 

12.04 
0.16 

0.037 

59.5 
4 .6  

36.4 

36.9 
0 .0  

63.1 62.9 
21.6 

3.8 
22.46 

6.36 
1.48 

I 7  994 
160 ( 7 1 )  

29.9 

20.9 
6.2 

1.53 
17 881 

183 (84 )  
30.9 

1.55 
17 990 

170 (64 )  

1.64 
18 008 

168 (76 )  
29.0 

1.85 

29.9 

TABLE 11. - TEST PATTERN M A T R I X  

810 810 
950 1 950 

1090 1090 

.016 

810 
950 

1090 

810 
950 

1090 I .020 1 ;3; 1 
1090 1090 

810 
950 

1090 

810 
950 

1090 
1 
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15 



BURNER 
GAS EXHAUST 

HEAT 
EXCHANGER 
INPUT HEAT A BURNER 7 

HEATER 

COOLED 
EXHAUST 
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